Ripened sweet rice wines (mirins) are stored at room temperature for several years to produce a well-balanced sweet flavor. We performed reverse-phase HPLC quantitative analysis of d-amino acids in eight ripened mirins by using derivatization reagents, and investigated the influence of the Maillard reaction on amino acid racemization in mirin during maturation. The relative quantities of d-enantiomers (%d) of Asp, Glu, and Ser in mirins matured for seven years or more were higher than in non-ripened mirins. Based on the calculated correlation coefficient between %D and the amount of Amadori rearrangement products (ARPs) analyzed by LC-MS in ripened mirins for each amino acid, Asp showed a statistically significant strong correlation. Finally, we conducted heating experiments using synthetic ARPs. Our results revealed for the first time that Asp was racemized via ARPs under the influence of pH during mirin maturation.
Introduction
d-amino acids (d-AAs) are found naturally in various perishable foods such as vegetables, fruits, and milk (Gogami et al., 2006; Palla et al., 1989) . Fermented foods were reported to have higher levels of d-AAs than perishable foods. In soy sauces, d-Ala, d-Asp, and d-Glu were detected at concentrations of 1.6, 0.9, and 1.0 mM, respectively, with corresponding levels in cheese of 5.8, 4.4, and 4 .8 mM, respectively (all numbers are average values for eight products, Inoue et al., 2014) . Balsamic vinegar matured for twenty-five years contained a high amount of d-Pro (1.7 mM, Erbe et al., 1998) . Other fermented foods, including soybean paste (Inoue et al., 2014) , black vinegar (Okada et al., 2011) , and sake (Japanese alcoholic beverage, Gogami et al., 2011) , were reported to contain several d-AAs. d-AAs are thought to be produced by lactic acid bacteria in fermented foods (Gogami et al., 2012) , with their racemase enzymes being responsible for the conversion of l-amino acids (l-AAs) into d-AAs during the fermentation process.
In addition to perishable and fermented foods, processed plant syrup, roasted cocoa beans, and thermally-treated bee honey were reported to have high relative amounts of d-AAs compared to the total d+l amino acid content (Pätzold and Brückner, 2005; Pätzold and Brückner, 2006a, 2006b) . The racemization during thermal processing was attributed to the Maillard reaction. Brückner et al. heated aqueous solutions of l-AAs with/without excess saccharides for 96 h at pH 7.0 and 100℃, and showed that saccharides induced racemization of some l-AAs (Brückner et al., 2001) . They Pentafluoropropionic acid and o-phthalaldehyde were purchased from Tokyo Chemical Industry Co., Ltd. (Tokyo, Japan).
N-isobutyryl-l-cysteine was purchased from Sigma Aldrich Japan (Tokyo, Japan). All other chemicals were analytical reagent grade.
Materials All mirins were commercial products obtained from randomly chosen manufacturers in Japan. Three non-ripened mirins (NRM1 _ NRM3) were produced from glutinous rice, koji malt, distilled spirit, and liquid sugar; eight ripened mirins (RM1 _ RM8) did not contain liquid sugar. The maturation times for RM1 _ RM2, RM3 _ RM5, RM6, RM7, and RM8 were one, three, seven, ten, and thirteen years, respectively. Non-ripened mirin that did not contain liquid sugar (NRMT) was used in the heating experiments.
All mirins contained around 14% alcohol.
Measurement of l-and d-AA contents in mirins The contents of twelve l-and d-AAs (Ala, Asp, Glu, Ile, Leu, Lys, Phe, Ser, Thr, Trp, Tyr, and Val) and Gly in the mirins were determined by HPLC using a previously reported procedure employing derivatization reagents (Brückner et al., 1994) . The twelve amino acids were selected due to their reported high concentrations (d+l) in non-ripened mirin (Morita and Tanabe, 1970) . Each mirin was diluted with 2% sulfosalicylic acid, and the resulting solution was filtered after storing for 12 h at 5℃. The filtered sample was diluted
(1:9) with 100 mM borate buffer (pH 9.5 ). An aliquot of the above solution (900 μL) and the derivatization reagent (prepared from N-isobutyryl-l-cysteine (3 mg) and o-phthalaldehyde (2 mg) in 100 μL of methanol) were mixed and left for 2 min at room temperature prior to being analyzed. HPLC analysis was performed using an Agilent HPLC 1100 series instrument with a fluorescence detector (Agilent Technology, Santa Clara, USA) and an Inertsil ODS-4 column (250 × 4.6 mm inner diameter; GL Science Inc., Tokyo, Japan). The mobile phase consisted of 30 mM sodium acetate buffer (pH 6.0, solvent A) and methanol/acetonitrile The following linear gradient of solvent B (min/%B) was used:
(0/0), (30/20). The injection volume was 2 μL, the flow rate was 0.2 mL/min, and the column temperature was 40℃. The interface parameters were as follows: capillary voltage 4 kV, fragmentor 100 V, gas temperature 325℃. Reference samples were prepared using a previously reported method (Penndorf et al., 2007) . Each amino acid (0.2 mmol; l-Ala, l-Asp, l-Glu, l-Ile, l-Leu, l-Phe, l-Ser, l-Tyr, and l-Val) and 1.2 mmol of d-glucose were dissolved in 8.4 mL of methanol and refluxed at 90℃ for 9 h. The solvent was removed in vacuo, and the dry residues were dissolved in 2 mL of water. After membrane filtration (0.45 μm), these solutions, containing the original amino acids and the corresponding ARPs, were used as reference samples. Each ARP mass (m/z value) and retention time were determined based on the previously reported data (Troise et al., 2015) . analyzed. Chromatograms for the mass of each ARP were obtained using extracted ion chromatogram (EIC) mode, and the relative peak area of each compound was normalized to NRM1. All analyses were performed in duplicate.
The correlation coefficients (r) between %d and the relative amount of ARPs in eight ripened mirins were calculated for each amino acid by Pearson's correlation coefficient test using SPSS 7.5.1 (SPSS, Chicago, USA).
Synthesis of ARPs for heating experiments
Fru-l-Ala and Frul-Asp were synthesized according to a previously reported method (Anet, 1959) . l-Ala or l-Asp (0.05 mol) and d-glucose (0.2 mol)
were dissolved in 5 mL of 10 M sodium pyrosulfite at 100℃ with stirring for 90 (l-Ala) or 40 min (l-Asp), and then 175 mL of water and 345 mL of de-aerated ethanol were added to the mixture. The solution was subjected to cation exchange column chromatography (IR120BH, H + -form (Organo Corp., Kanagawa, Japan)). After washing with 70% ethanol and water, ARPs were eluted from the column with 0.5 M aqueous ammonia using a fraction collector.
The fractions were analyzed using an amino acid analyzer (L-8800A; Hitachi High-Technologies Co., Tokyo, Japan), and the ones not containing unreacted amino acids were combined and dried under vacuum. The residues were dissolved in 70% ethanol and cooled to _ 20℃. Dropwise addition of 100% ethanol yielded the target compounds as hygroscopic solids. The above-mentioned recrystallization was repeated three times, and the product was freeze-dried, yielding Fru-l-Ala and Fru-l-Asp as white powders with respective purities of 98 and 99%, determined by the above
Heating experiments The heating experiments were conducted to clarify the influence of ARPs on amino acid racemization in mirin. NRMT, which was used in the heating experiments, contained 640 μM l-Asp, 39 μM d-Asp, 800 μM l-Ala, and 40 μM d-Ala. The NRMT was membrane filtered (0.2 μm) prior to use. First, 2.5 mM solutions of Fru-l-Asp or l-Asp in filtered NRMT were prepared, and 900 μL of each solution was heated at 60℃ for 8, 16, and 24 days in a 1 mL Pyrex screw-cap vial with a PTFEfaced septum (Experiment 1). Second, a 2.5 mM solution of Fru-l-Ala in filtered NRMT was prepared, and 900 μL of this solution was heated at 60℃ for 24 days in the same way (Experiment 2).
Third, a 2.5 mM solution of Fru-l-Asp in 1 M sodium acetate buffer (pH 4.0 or 5.6) was prepared, and 900 μL of this solution was heated at 60℃ for 24 days in the same way (Experiment 3).
All experiments were performed in duplicate.
Other analyses
The pH values were measured at 25℃ using an F-52 pH meter (Horiba, Kyoto, Japan). Absorbance was measured at 430 nm using a U-2900 UV-vis spectrophotometer 
Results
Quantities of l-and d-AAs in mirins The glucose content, pH value, and absorbance (430 nm) of the samples are shown in Table   1 . The absorbance values of ripened mirins were higher than those of non-ripened mirins. Longer maturation periods resulted in lower pH values. l-and d-AA quantities and relative content are shown in Tables 2 and 3, respectively. All twelve l-AAs were detected in mirins, with the content of l-Ala (510 _ 2200 μM), l-Leu ( 4 1 0 _ 2 2 0 0 μ M ) , l -S e r ( 3 9 0 _ 2 8 0 0 μ M ) , a n d l -A s p (350 _ 3500 μM) mostly exceeding that of the other l-AAs.
Although the content of l-Glu was also high for most mirins, it was in ripened mirins were mostly higher than those of the other (2.7 _ 7.9) in all ripened mirins were higher than in NRM1, that of Fru-Glu (0.2 _ 1.2) was mostly lower, except for in RM3.
Correlation coefficients between %d and the relative amount of
ARPs in eight ripened mirins were calculated for six amino acids that were detected in all ripened samples (Ala, Asp, Glu, Leu, Phe, and Ser), with the results shown in Table 5 . As shown, Asp exhibited a statistically significant strong correlation (r = 0.84).
On the other hand, Ser and Ala, having high d-enantiomer content in ripened mirins, did not exhibit statistically significant correlations (r = _ 0.10 and 0.15, respectively).
Racemization via ARPs
Heating experiments were conducted with NRMT containing synthetic Fru-l-Asp or Fru-l-Ala, taking the above correlation coefficients into account (Asp: strong correlation, Ala: no correlation). In Experiment 1, the amounts of l-and d-Asp increased with time after heating NRMT containing 2.5 mM of added Fru-l-Asp (after 24 days: 2.0 mM l-Asp, 0.24 mM d-Asp, Fig. 1) , and the %d of Asp also increased (initial: 5.8%, Fig. 2 ). On the other hand, the amount of d-Asp did not increase after heating NRMT containing added l-Asp; therefore, the %d of Asp was unchanged (Fig. 2) . The results suggest that Asp was racemized via ARPs during thermal treatment.
In contrast, the amount of d-Ala did not increase, while that of l-Ala increased after heating NRMT containing added Fru-l-Ala (Experiment 2). Table 1 , longer maturation periods resulted in lower pH values. The pH decreased after heating NRMT containing added Fru-l-Asp (initial: 5.1, after 24 days: 3.9). Thus, heating experiments were conducted in sodium acetate buffer (pH 4.0 or 5.6) containing synthetic Fru-l-Asp, in order to investigate the influence of solution pH on the generation of d-Asp via ARPs during thermal treatment. As a result, the %d of Asp at pH 4.0 was higher than at pH 5.6 (pH 4.0: 11.3%, pH 5.6: 5.1%, Fig. 3 ). This finding revealed that the proportion of d-Asp released from Fru-l-Asp was influenced by pH.
As shown in

Discussion
In the course of the Maillard reaction, sugars were reported to degrade into dicarbonyl compounds and organic acids, which are acidic compounds (Parker, 2013) . The low pH and the high absorbance (430 nm) of ripened mirins were attributed to the degradation of sugars and the formation of melanoidin in the course of the reaction, respectively. In addition, high amounts of the dicarbonyl compound (3-deoxyglucosone) were also observed in ripened mirins (data not shown).
The content of l-AAs in ripened mirins was generally higher than in non-ripened mirins, since the latter were mixed with liquid sugar and thus diluted. However, the content of l-Glu in longripened mirins (RM6 _ RM8) was very low. The disappearance rate of l-Glu during non-ripened mirin storage at various temperatures (Morita and Tanabe, 1970) was reported to be the fastest among the amino acids, supporting the HYPOTHESIS that free l-AAs would be consumed in the Maillard reaction during maturation.
All non-ripened mirins contained some d-AAs. Most of these were derived from the rice, which is the raw material for mirin, and is reported to contain d-AAs (Gogami et al., 2009) . NRM3 showed higher l-, d-AA and lower glucose contents than NRM1 and NRM2. This is because NRM3 would probably be produced while the peptidase activity in koji malt was controlled to maintain a high level.
The %d values for each amino acid in three non-ripened mirins did not differ greatly (Ala, Asp, and Phe), since d-AAs in non-ripened samples, including NRM3, were mainly derived from the rice.
In contrast, the correlation between %d and the amount of ARPs (Table 5) Glucose-induced racemization of l-Phe, l-Leu, and l-Ala was also reported, but the corresponding racemization degree was very low (about one-tenth of that of Asp). Brückner's proposed racemization mechanism is as follows (Fig. 4) : the reaction of amino acids with glucose starts with the formation of ARPs, which easily undergo enolization. Enolization favors proton abstraction from the C α atom of the bonded amino acid with the formation of an intermediate sp 3 -hybridized carbanion. These steps might also be favored by the formation of intramolecular hydrogen bridges.
Re-protonation can take place at both sides of the more or less planar carbanion, thus generating a partially racemized amino acid.
The degree of racemization would depend on the steric and electronic properties of the amino acid side chains (Brückner et al., 2001; Pätzold and Brückner, 2006b) .
While the degree of racemization was reported to be influenced by the solution pH in model experiments with l-AAs, it was unknown whether this was caused by the change in the ARP amounts formed or by the change in the proportion of d-AA released from ARPs. In heating experiments using sodium acetate buffer containing synthetic Fru-l-Asp, the %d of Asp at pH 4.0 was higher than at pH 5.6. This is the first report describing the effect of solution pH on the proportion of d-AA released from
ARPs. The effect is thought to be caused by the enolization pathway change at different pH values. The ARPs are known to undergo mainly 1,2-enolization under acidic conditions and mainly 2,3-enolization under neutral conditions (Pätzold and Brückner, 2006b; Henryk, 2012) . All enols (1,2-and 2,3-enols) can form respective carbanions (Fig. 4 ). The structural difference between the two carbanions is presumed to influence the racemization degree. Since the pH decreased with the increase of the mirin aging period, the proportion of d-Asp released from Fru-l-Asp would change throughout the maturation.
The results of the heating experiments suggested that the amino acid that was mainly racemized via ARPs during maturation showed a strong correlation between %d and the amount of ARPs in ripened mirins. Leu and Phe also exhibited statistically significant correlations in ripened mirins (r = 0.75 and 0.74, respectively), with racemization of l-Leu and l-Phe reported to be induced by glucose as described above. Leu and Phe may be slowly racemized via ARPs during mirin maturation, and future studies using synthetic ARPs are necessary to clarify the pathway details.
In contrast, the amino acid with a high d-enantiomer content in ripened mirins, showing no correlation between %d and the ARP amount, would be racemized via a pathway not involving the Maillard reaction (Ser and Ala). While the %d of Ser in mirins matured for seven years or more was high, the correlation between them was not statistically significant (r = _ 0.10). l-Ser was reported to undergo easy racemization without participation of the sugar due to its ability to form a cyclic structure (self-racemization, Erbe and Brückner, 2000) . d-Ser is presumed to form via this pathway during mirin maturation. Ala also showed no correlation between them, since the %d value for Ala varied for each sample (r = 0.15).
Alanine racemase is reported to exist in microorganisms generally (Yoshimura, 2008) . Thus, the biochemical reaction may occur during mirin maturation.
Furthermore, d-AAs were reported to have an effect on the food flavor profile. We previously showed that d-Asp significantly suppressed sourness and bitterness in basic taste solutions (citric acid and caffeine solutions, respectively) compared to the l-enantiomer (Inoue et al., 2014) . Okada et al. reported an effect of d-Asp (34 μM), d-Glu (33 μM), and d-Ala (100 μM) on "a strong taste (Nojun)" using principal component analysis of the relationship between d-AA concentration and the taste of 141 bottles of sake (Okada et al., 2013) . Sake has much in common with mirin, for example, the raw material (rice), alcohol content, and production using microorganisms (sake: koji malt, yeast, and lactic acid bacteria). Therefore, similar effects of d-AAs on taste are expected for mirin, especially long-ripened mirin.
In summary, we showed for the first time that the %d of Asp, Glu, and Ser in mirins matured for seven years or more was higher than in non-ripened mirins. Furthermore, we suggest that Asp is racemized via ARPs under the influence of pH during mirin maturation. Fig. 4 . Proposed mechanisms of amino acid racemization via Amadori rearrangement products (ARPs). (1)ARPs, (2a) and (3a) carbanion of 2,3-enols and those re-protonation, (2b) and (3b) carbanion of 1,2-enols and those re-protonation, and (4) l-,d-amino acids. R refers to amino acid side chain. (from Pätzold and Brückner, 2006b) 
